Pyruvate-decarboxylase (Pdc)-negative Saccharomyces cerevisiae has been reported to grow in batch cultures on glucosecontaining complex media, but not on defined glucose-containing media. By a combination of batch and chemostat experiments it is demonstrated that even in complex media, Pdc 3 S. cerevisiae does not exhibit prolonged growth on glucose. Pdc 3 strains do grow in carbon-limited cultures on defined media containing glucose-acetate mixtures. The acetate requirement for glucose-limited growth, estimated experimentally by continuously decreasing the acetate feed to chemostat cultures, matched the theoretical acetyl-CoA requirement for lipid and lysine synthesis, consistent with the proposed role of pyruvate decarboxylase in the synthesis of cytosolic acetyl-CoA. z
Introduction
Pyruvate decarboxylase (EC 4.1.1.1) catalyzes the decarboxylation of pyruvate to acetaldehyde. This is a key reaction in alcoholic fermentation, which under most growth conditions is the predominant mode of glucose dissimilation in Saccharomyces cerevisiae [1] .
A completely respiratory metabolism of glucose by S. cerevisiae is only observed during sugar-limited, aerobic growth at low speci¢c growth rates [2, 3] . Under these conditions, pyruvate dissimilation occurs predominantly via the mitochondrial pyruvate dehydrogenase (PDH) complex, which oxidatively decarboxylates pyruvate to acetyl-CoA, the substrate of the trichloroacetic acid cycle [4] .
An alternative pathway for the conversion of pyruvate into acetyl-CoA involves the concerted action of pyruvate decarboxylase, acetaldehyde dehydrogenase and acetyl-CoA synthetase [4, 5] . In contrast to the PDH complex, these three enzyme activities are all at least partially cytosolic [6^9]. In mutants lacking a functional PDH complex, this indirect route can meet the cells' requirement for acetyl-CoA [4] . The reverse does not apply: strains in which all three structural genes encoding pyruvate decarboxylase (PDC1, PDC5 and PDC6 [10] ) are disrupted cannot grow in batch cultures on glucosecontaining mineral media [11] . This might be ex-plained from glucose repression of respiratory enzymes which, in the absence of pyruvate decarboxylase, are essential for ATP synthesis. However, growth of Pdc 3 strains does occur on glucose-containing complex (yeast extract-peptone) media, albeit at lower speci¢c growth rates than the wild-type [10, 11] .
Glucose catabolite repression can be relieved by growth at low dilution rates in glucose-limited chemostat cultures. However, even under these conditions, Pdc 3 S. cerevisiae is unable to grow on glucose as the sole carbon source. Growth in glucose-limited chemostat cultures was possible when small amounts of acetate or ethanol were added to growth media [11] . This led to the hypothesis that in S. cerevisiae pyruvate decarboxylase is essential for the provision of cytosolic acetyl-CoA, which is needed for example in lipid synthesis [11, 12] .
In the present work, the apparent discrepancy between growth of Pdc 3 S. cerevisiae on glucose in de¢ned and complex media is investigated. Furthermore, the requirement of Pdc 3 strains for C2 compounds is quanti¢ed, to investigate whether it corresponds to the theoretical biosynthetic requirement for cytosolic acetyl-CoA.
Materials and methods

Yeast strains and maintenance
The S. cerevisiae strains used in this study were the wild-type strain T2-3D (HO/HO PDC1/PDC1 PDC5/PDC5 PDC6/PDC6) and the pyruvate-decarboxylase-negative strain GG 570 (HO/HO pdc1: :Tn5ble/pdc1: :Tn5ble pdc5: :Tn5ble/pdc5: : Tn5ble pdc6: :APT1/pdc6: :APT1) [11] . Stock cultures containing 20% (v/v) glycerol were stored at 370³C. Subcultures were maintained on YPE agar (Difco yeast extract 10 g l 3I , Difco peptone 20 g l 3I , ethanol 10 g l 3I and agar 18 g l 3I ). Precultures were inoculated directly from these plates.
Shake-£ask cultivation
Complex medium (YP) for shake-£ask cultivation contained per liter: yeast extract (Difco), 10 g and peptone from casein (Merck), 20 g. Where indicated, glucose or ethanol were added to give ¢nal concentrations of 20 g l 3I . Precultures were prepared by inoculating 100 ml YP-ethanol from a YP-ethanol plate and incubated on an orbital shaker (200 rpm) at 30³C for 2 days. To record growth curves, 1 ml of a preculture was inoculated in a 500-ml Erlenmeyer £ask with 100 ml YP medium or 100 ml YP-glucose medium. Optical density measurements were performed at appropriate time intervals with a Vitalab 20 spectrophotometer as described previously [13] .
Chemostat cultivation
Aerobic chemostat cultivation was performed at 30³C in 1-l working volume laboratory fermenters (Applikon, Schiedam, The Netherlands), at a stirrer speed of 750 rpm, pH 5 and at a dilution rate of 0.10 h 3I . Steady-state, carbon-limited chemostat cultures of both wild-type and Pdc 3 mutant were grown on a mineral medium with vitamins, containing 7.125 g l 3I glucose and 0.375 g l 3I acetate (5% acetate on a carbon basis). The concentration of ethanol or glucose in the reservoir media was 5.75 g l 3I or 7.5 g l 3I , respectively (0.25 Cmol l 3I ). A detailed description of cultivation procedures and composition of mineral media is given elsewhere [11] . To avoid excessive foaming or oxygen limitation, the concentrations of the medium components used for chemostat cultivation were scaled down in comparison with the YP medium used in shake-£ask cultures. Complex medium (5.0 g l 3I peptone, 2.5 g l 3I yeast extract) was supplemented with 3.84 g l 3I ethanol or 5 g l 3I glucose (0.167 Cmol l 3I ), stable steady-state cultures were obtained at a dilution rate of 0.10 h 3I .
Gradual decrease of the acetate feed to chemostat cultures
A chemostat was set up with two medium reservoirs, the medium £ows from which were controlled via separate peristaltic pumps by the computer program BIODACS (Applikon, Schiedam, The Netherlands), interfaced via an Applikon ADI-1030 biocontroller. Both pumps were calibrated by correlating di¡erent output values of the biocontroller to actual £ow rates. Medium reservoir 1 contained mineral medium supplemented with 6.75 g l 3I glucose and 0.75 g l 3I acetate (250 mM carbon; 10% acetate on a carbon basis). Medium reservoir 2 contained mineral medium with 7.5 g l 3I glucose (250 mM carbon) as the sole carbon source. First, a steady-state chemostat culture was established at a dilution rate of 0.10 h 3I by feeding from both medium reservoir vessels at a pump rate of 0.05 h 3I . Then, the two medium pumps were programmed to cause a linear decrease of the acetate content in the feed from 5 to 0% (on a carbon basis) over a period of 100 h. Throughout the gradient experiments, the dilution rate was kept at 0.10 h 3I and the dissolved oxygen concentration remained above 65% of air saturation. To prevent disturbance of the system, samples for analysis of optical density and metabolite concentrations were taken from the e¥uent line. The glucose concentration in the e¥uent line was monitored online at 15-min intervals with a Yellow Springs Instruments model 2700 Analyzer [14] . This method consistently gave the same results as o¡-line assays with a commercial glucose oxidase-peroxidase kit.
Determination of culture dry weight
The dry weight of washed culture samples was determined using 0.45-Wm membrane ¢lters and a microwave oven [3] . Parallel samples varied by less than 1%.
Viability staining
The percentage of viable cells in culture samples was estimated by methylene violet staining [15] . Small culture samples were mixed with equal volumes of 0.02% methylene violet solution and a solution of Na P HPO R W12H P 0 (24 g l 3I ). After 10 min incubation at room temperature, the mixture was examined microscopically. Colorless (viable) and colored (non-viable) cells were counted. At least 300 cells were counted for each data point.
Metabolite analysis
Glycerol and organic acids were determined by HPLC [16] . Glucose in reservoir media and supernatants was determined enzymically using a commercial glucose oxidase kit (Merck systems 14144). Etha-nol was assayed enzymically with an alcohol oxidase kit (Leeds Biochemicals).
Pyruvate decarboxylase assays in cell extracts
Cell extracts were prepared by sonication as described previously [11] . Pyruvate decarboxylase activity was determined in freshly prepared extracts as described by Postma et al. [3] . Protein concentrations in cell extracts were determined by the Lowry method, using bovine serum albumin (fatty acid-free, Sigma) as a standard.
Results
Growth of Pdc 3 S. cerevisiae on complex media in chemostat cultures
Pdc 3 S. cerevisiae cannot grow on glucose in batch cultures on mineral media, neither as a sole carbon source nor in combination with ethanol or acetate [11] . If this inability to grow on glucose were due to glucose repression of respiratory enzymes, growth on glucose should also be absent in complex media. However, in batch cultures on yeast extract-peptone (YP)-glucose media, Pdc 3 strains still exhibited ca. 30% of the wild-type speci¢c growth rate [10, 11, 17] .
To study this apparent discrepancy, the Pdc 3 strain S. cerevisiae GG570 was grown on complex media in aerobic chemostat cultures.
After a steady-state culture had been established on YP-ethanol medium at a dilution rate of 0.10 h 3I , the culture was switched to a medium reservoir containing YP-glucose medium. Since batch cultures of S. cerevisiae GG570 on YP-glucose exhibited a spe-ci¢c growth rate of 0.15 h 3I [11] , it was anticipated that steady-state growth should be possible at a dilution rate of 0.10 h 3I . No substantial changes in biomass concentration were expected after a switch to YP-glucose medium, as the respiratory biomass yield of S. cerevisiae per mol of substrate carbon is similar for glucose and ethanol [18] . Indeed, during the ¢rst 10 h after the switch to glucose-containing medium, the biomass concentration in the cultures remained essentially constant (Fig. 1 ). After this period however, the biomass concentration in the culture decreased according to wash-out kinetics (W = 0 h 3I ; Fig. 1 ). This complete cessation of growth was accompanied by accumulation of glucose and pyruvate in the cultures (data not shown). Apparently, even in complex medium, Pdc 3 S. cerevisiae cannot grow on glucose for prolonged periods.
Growth of Pdc 3 S. cerevisiae on complex media in batch cultures: a reassessment
As the inability of Pdc 3 S. cerevisiae to grow on glucose in chemostat cultures on YP-glucose medium ( Fig. 1 ) appeared to contradict earlier reports on growth in shake-£ask cultures [10, 11, 17] , growth of wild-type and Pdc 3 S. cerevisiae on complex media in shake-£ask cultures was reinvestigated.
In the absence of an added carbon source, wildtype and Pdc 3 strains exhibited the same speci¢c growth rate (0.30 þ 0.01 h 3I ) on YP medium (Fig.  2) . In the wild-type, glucose addition resulted in an increase of the speci¢c growth rate to 0.48 þ 0.01 h 3I . Conversely, the speci¢c growth rate of the Pdc 3 strain decreased to 0.15 þ 0.01 h 3I when glucose was added to the YP medium ( Fig. 2) , suggesting that glucose repressed the utilization of substrates present in yeast extract and/or peptone.
In the chemostat shift experiment (Fig. 1) , growth continued for about 10 h after switching from YPethanol to YP-glucose media. This suggested that growth on glucose complex medium was temporarily possible due to, for example, pools of intracellular metabolites. Also in the shake-£ask cultures, both in this study and in the literature, precultures were grown on YP-ethanol medium. Furthermore, the time period over which exponential growth was recorded did not exceed 10 h (Fig. 1) . Prolonged growth on YP-glucose in shake-£ask cultures was studied by serial transfer experiments. In these experiments, the stationary-phase optical density decreased strongly after the ¢rst transfer ( Fig. 3) . Apparently, either intracellular metabolite pools or extracellular compounds carried over with the YPethanol-grown inoculum could sustain growth in the ¢rst culture, but were exhausted upon reaching stationary phase.
Theoretical calculations on the requirement for cytosolic acetyl-CoA in S. cerevisiae
It has been proposed that the requirement of Pdc 3 S. cerevisiae for C2 compounds may be due to an inability to synthesize acetyl-CoA in the cytosol and to export acetyl-CoA from the mitochondrial matrix to the cytosol [11, 12] . To assess whether this assump- tion is realistic, a theoretical calculation was performed on the biosynthetic requirement for cytosolic acetyl-CoA during growth of S. cerevisiae on glucose.
The main cytosolic acetyl-CoA requiring biosynthetic process is lipid synthesis. Synthesis of 1 g yeast lipids requires 25.1 mmol of acetyl-CoA [19] . Reported lipid contents of yeast biomass vary, depending on cultivation conditions, and may range from 3 to 12% [20] . To estimate the minimum amount of acetyl-CoA required to sustain growth, a minimum lipid content of S. cerevisiae of 30 mg (g biomass) 3I was assumed. This corresponds to a minimum acetyl-CoA requirement for lipid synthesis of 0.75 mmol (g biomass) 3I .
Amino acid synthesis requires a substantial amount of acetyl-CoA, but not all acetyl-CoA-requiring reactions are located in the cytosol. We have assumed that in glucose-grown cells, citrate synthase occurs exclusively in the mitochondrial matrix. Consequently, the synthesis of 2-oxoglutarate, an important precursor for amino acid synthesis, does not require cytosolic acetyl-CoA. This leaves two amino acids of which the synthesis requires acetyl-CoA. The acetyl-CoA-requiring reaction in leucine biosynthesis is catalyzed by the mitochondrial enzyme 2-isopropylmalate synthase [21] and thus does not require cytosolic acetyl-CoA. Lysine biosynthesis is initiated by synthesis of homocitrate from acetyl-CoA and 2-oxoglutarate. Recent evidence indicates that both isoenzymes of homocitrate synthase in S. cerevisiae are located in the nucleus and thus require cytosolic rather than mitochondrial acetyl-CoA [22] . One gram of yeast protein contains 0.72 mmol lysine [19] . Thus, at a protein content of 40% [11] this corresponds to an acetyl-CoA requirement for lysine synthesis of 0.29 mmol (g biomass) 3I .
Synthesis of RNA and polysaccharides from glucose does not involve acetyl-CoA as an intermediate [19] . The total requirement for cytosolic acetyl- CoA then corresponds to the combined acetyl-CoA requirements for lipid and lysine synthesis: 0.75+ 0.29 = 1.04 mmol acetyl-CoA per gram biomass.
Experimental estimation of the C2 requirement of Pdc 3 S. cerevisiae
To test whether the requirement for C2 compounds of the Pdc 3 strain S. cerevisiae GG570 corresponded to the theoretical estimate calculated above, the acetate requirement of glucose-limited chemostat cultures was estimated experimentally. First, a steady state was established at an initial acetate content in the feed of 5% on a carbon basis, the remainder of the 250 mM substrate carbon was provided as glucose. Consistent with an earlier report [11] , no extracellular glucose or metabolites were detected in culture supernatants. The steady-state biomass concentration was 3.8 g l 3I . The acetate gift therefore corresponded to 6.25:3.8 = 1.64 mmol (g biomass) 3I .
A gradient feed was programmed to linearly and continuously decrease the acetate content in the feed from 5% (on a carbon basis) to zero over a period of 100 h (see Section 2) . When the acetate content in the feed reached 3.2% on a carbon basis, pyruvate started to accumulate in the cultures and, at slightly lower acetate contents, also the glucose concentration in the cultures increased (Fig. 4A ). This was accompanied by a strong decrease of the biomass concentration in the cultures (Fig. 4A ). Furthermore, the number of non-viable cells increased at lower acetate concentrations in the feed (Fig. 4B) .
At the point where pyruvate accumulation set in, the biomass concentration in the culture was 3.8 g l 3I . Thus, the acetate content of 3.2% on a carbon basis corresponded to an acetate gift of 0.032U (250:2)U(1:3.8) = 1.05 mmol (g biomass) 3I . This is in good agreement with the theoretical estimate of the requirement for cytosolic acetyl-CoA discussed above.
Discussion
The results presented above demonstrate that pyruvate decarboxylase is an essential enzyme for growth of S. cerevisiae on glucose, even in complex media. Earlier reports that Pdc 3 strains exhibited a signi¢cant residual growth rate in YP-glucose media [10, 11, 17] are probably due to carry-over of (intracellular) substrates from inoculum cultures pregrown on YP-ethanol. This underlines the need for using de¢ned mineral media in studies on the physiology of wild-type and genetically modi¢ed yeasts.
As reported previously [11] , glucose-limited growth of Pdc 3 S. cerevisiae could be restored by adding acetate to reservoir media of glucose-limited chemostat cultures. The minimum amount of acetate required to sustain glucose-limited growth determined experimentally (Fig. 4) corresponded well with the theoretical minimum requirement for cytosolic acetyl-CoA estimated from published data on yeast biomass composition. This supports the hypothesis that pyruvate decarboxylase, in addition to being a key enzyme in dissimilation, plays an essential role in the provision of cytosolic acetyl-CoA [11, 12] . We have recently con¢rmed that this phenomenon is not an anomalous property of the strain background used in the present study: also Pdc 3 mutants constructed in the S. cerevisiae CEN.PK background require acetate or ethanol for glucoselimited growth (M.T. Flikweert, P. Ko ëtter, J.P. van Dijken and J.T. Pronk, unpublished observations).
The essential role of pyruvate decarboxylase in assimilatory carbon metabolism is not a general phenomenon among yeasts. For example, mutants of Kluyveromyces lactis lacking the unique Klpdc1 strain lack pyruvate decarboxylase, but exhibit wild-type speci¢c growth rates on glucose [23] . It will be of interest to investigate how these mutants synthesize cytosolic acetyl-CoA. Theoretically, at least two mechanisms may be envisaged. Firstly, the carnitine shuttle might transport acetyl-CoA units from the mitochondrial matrix to the cytosol [24] , a reaction which apparently does not occur in Pdc 3 S. cerevisiae. Interestingly, the carnitine shuttle has been implicated in the translocation of acetyl-CoA from the cytosol to the mitochondrial matrix during aerobic, glucose-limited growth of S. cerevisiae [4] . Export of acetyl-CoA from the mitochondria might also be accomplished by transport of citrate from the mitochondria, followed by its cytosolic conversion into acetyl-CoA and oxaloacetate by ATPcitrate lyase (EC 4.1.3.8). The latter enzyme has been reported to occur in a number of yeast species but, remarkably, is absent from S. cerevisiae [25] . Attempts to express heterologous ATP-citrate lyase genes in Pdc 3 strains of S. cerevisiae are in progress in our group.
